Abstract. The studies aiming to understand the function of purinoceptors in the central nervous system (CNS), which has been explored mostly in isolated and cultured cell systems, are now at the stage of identifying their physiological and pathophysiological significance in the native organs, tissues, and whole animals. The results of our recent studies made in brain slice preparations are not in full accordance with what have been demonstrated in isolated cells, mostly due to strong interplay between ATP receptors, adenosine receptors, and ecto-nucleotidases. This suggests that these proteins form coordinated regulation systems in the native tissue, controlling the local network behaviors through regulating the balance between the effects of ATP and adenosine on synaptic transmissions. We propose that this tripartite regulation system by extracellular purines may be an important target of CNS drugs.
Introduction
The synaptic transmission is the core elementary process in the central nervous system (CNS) functions. Following the first report describing ATP-mediated fast synaptic transmission in the brain (1), many efforts have been made to identify the functional significance of the P2 receptors, especially that of the ATP-gated cation channels (P2X receptor channels), at peri-synaptic sites in the CNS. These studies included 1) detection of postsynaptic P2X current following electrical stimulation of presynaptic fibers in brain slices (2 -6) and in CNS neurons in culture forming synapses (7, 8) ; 2) detection of exogenous ATP-activated currents in slices preparations (9 -12) ; and 3) measurement of changes in synaptic transmission in response to exogenous ATP application in CNS slices (13 -16) .
A complication with these studies, especially those made in brain slices, was that the exogenous application of ATP was in most cases accompanied by responses mediated by adenosine receptors. For example, the strong inhibition of the excitatory synaptic transmission by ATP in the hippocampus CA1 is abolished in the presence of an A 1 -receptor antagonist (17) or in the transgenic mice lacking A 1 receptors (13), strongly suggesting that extracellular ATP is rapidly converted to adenosine in the slice preparation where the synapses are surrounded by many glial cells that express ectonucleotidase (18, 19) . The most convincing demonstration of the P2 receptor-mediated effect of ATP made in hippocampal slice was made in the continuous presence of A 1 -receptor blocker (14) . This complication mainly arises from the high activity of the ecto-nucleotidaserelated enzymes in the native brain tissues (20, 21) .
Would this mean that ATP could not be a principal neuronal messenger in the native brain tissue because its degradation to adenosine in the extracellular milieu is too rapid and intense? Recently accumulated evidence indicates that the situation is not so simple. Rather, it is more likely that P1 and P2 receptors and ecto-nucleo-tidases form coordinated regulation systems that control the local network behaviors through regulating the balance between effects of ATP and adenosine on synaptic transmissions.
An impressive example is the swimming rhythm of the xenopus embryos (22) . The switching-on and switching-off of the episode of the rhythmic motor activity entirely depends on the release of ATP and subsequent production of adenosine, respectively. In synapses formed between mammalian neurons, it has been demonstrated that ATP released from presynaptic termini is rapidly converted to adenosine, which in turn activates presynaptic (4) or postsynaptic (8) adenosine receptors, resulting in modulation of synaptic transmission. These examples indicate that ATP and its metabolite adenosine co-operate to optimize complex behavior of a local network activity, which could not otherwise be done by single messenger-receptor systems.
Here we introduce two of our recent studies in which we demonstrated that exogenously applied ATP first activates P2 receptors and then P1 receptors after extracellular breakdown, both of which results in distinct, but concerted modulation of the synaptic transmissions in the same local network.
Synergistic modulation of excitatory and inhibitory synaptic inputs by ATP in the hippocampus
The first example is the effect of ATP on the hippocampal network excitability. It is well documented that P1 and P2 receptors are widely expressed in the hippocampus (23, 24) . Activation of these receptors produces various physiological responses in the hippocampal neurons and networks including suppression of spontaneous Ca 2+ oscillation (25) , increase in glutamate release (14, 26) , and generation of postsynaptic inward currents (6, 14) . In contrast, in other lines of studies made in the hippocampus, effects of ATP are mostly mediated by P1 receptors, another class of purinoceptors activated by adenosine but not by ATP. For example, ATP strongly suppresses excitatory transmission in CA1, an effect not observed when adenosine A 1 receptors are inactivated pharmacologically (17) or genetically (13) . In support of this, various types of enzymes that rapidly convert ATP to adenosine (27) are densely expressed in the hippocampus (21), especially after ischemic insults (18) and epileptic activities (19) . There is a discrepancy, therefore, between two types of responses of hippocampal neurons to ATP reported to date: one is mediated by P2 receptors and the other one is by A 1 receptors after breakdown of ATP to adenosine.
To reconcile this discrepancy, we challenged the hypothesis that the receptor activated following ATP application in the hippocampal slice depends on the type of neurons in the hippocampal network. We simultaneously recorded spontaneously occurring excitatory and inhibitory synaptic inputs, each being of distinct neuronal origins, from CA3 pyramidal cells in the acute hippocampal slice. ATP (1 mM), but not adenosine, significantly increased the inhibitory postsynaptic current (IPSC) frequency. This effect was mimicked by 2-methylthio ATP (2meSATP), ATPgS, and a ,b-methylene ATP and significantly attenuated by pyridoxalphosphate-6-azophenyl-2',4'-disulphonic acid (PPADS), but not by 8-cyclopentyl-1,3-dipropylxanthine (DPCPX).
A simultaneous Ca
2+ imaging and synaptic current recording suggested that excitation of interneurons outside of the pyramidal layer underlies this effect (M. Kawamura, et al., unpublished observation). In contrast, ATP (0.1 -1 mM) significantly decreased the frequency of excitatory postsynaptic currents (EPSCs), an effect mimicked by adenosine, ADP, and ATPgS, but not by 2meSATP and a ,b -methylene ATP and significantly attenuated by DPCPX and a,b-methylene ADP. These diametrically opposite effects of ATP were concurrently observed (Fig. 1) . These results suggest that ATP excites inhibitory interneurons through activation of P2 receptors and, at the same time, inhibits inputs from excitatory neurons through activation of adenosine A 1 receptors (Fig. 2, right) . This is an example where P2 and P1 receptors, both being activated by ATP directly and indirectly through intermediary of extracellular conversion, are expressed on distinct sets of cells and function in tandem to reduce excessive excitation of the pyramidal neurons.
Diametrically opposite effects by ATP on the excitatory transmission in the caudal nucleus of the solitary tract (cNTS)
The second example is the caudal part of the NTS. The cNTS is the "gateway" of visceral sensorial information because the primary afferent fibers from visceral receptors converge to the cNTS and form the first synapse in the brain therein (28) . The cNTS is one of the rare CNS structures in which the function of ATPmediated signaling is demonstrated from molecular to the whole animal levels. First, neuronal ATP release in the cNTS is directly demonstrated in anesthetized rats (29, 30) . The extracellular concentration of purines increases in the cNTS in response to mild hypoxia (31) . Messengers, proteins, and binding sites for the P2X and P2Y receptors are abundantly located in the cNTS (23, 24, 32 -36) and are partly functional when dissociated (37) . The soma and central terminal of the primary afferents converging to the cNTS in the nodose ganglia express all the subtypes of P2X receptors (38) . Interneurons in the cNTS also express most types of P2X receptor subunits (36) . Extracellular ATP is rapidly broken down to adenosine in the cNTS (15) . The cNTS presents the highest expression of adenosine transporters in the whole brain (39) , through which broken-down ATP is uptaken into the cells (40) . Finally and most importantly, microinjection of P2X-receptor agonists into the cNTS in anesthetized rats exerts profound cardiorespiratory effects (reviewed in (41, 42) ). All these data suggest that extracellular ATP released in the cNTS strongly modulates excitability of the cNTS network, primarily via activation of P2X receptors.
We recorded the excitatory postsynaptic currents with patch-clamp in the thick brainstem slice prepared from young rats (15) . ATP exerted two distinct effects on EPSCs recorded from second-order cNTS neurons. First, ATP (1 -100 mM) increased the frequency of spontaneously occurring EPSCs, which persisted in the presence of tetrodotoxin and was suppressed by PPADS. This increase in the spontaneous EPSC frequency resulted from Ca 2+ entry through presynaptic P2X receptors. Second, the same concentration of ATP decreased the amplitude of EPSC evoked by the primary afferent stimulation, which was abolished in the presence of adenosine A 1 receptor blockers, such as 8-cyclopentyltheophylline (CPT) and DPCPX. We found that this decrease was mediated mostly by inhibition of presynaptic voltage-dependent Ca 2+ channels by activation of A 1 receptors (N. Tsuji and F. Kato, unpublished observation). These diametrically opposite effects were concurrently observed in approx. 80% of neurons responding to ATP. In this case, ATP promotes spontaneous glutamate release (probably from interneuron terminals) through activation of presynaptic P2X receptors and suppresses evoked glutamate release from the primary afferent terminals through activation of presynaptic A 1 receptors. Here, ATP, at the same time, can increase the intrinsic auto-excitatory activity of the cNTS network while reducing its sensitivity to peripheral inputs (Fig. 2, left) .
Conclusions
These two examples presented by our group strongly argue for the concept that, in the CNS, P1 and P2 receptors are two members of the same regulatory system lying downstream to an increase in the extracellular ATP concentration. Here, ATP plays "dual roles" controlling synaptic activities in a manner dependent on the expression of P1 and P2 receptors. The balance between these two "roles" is regulated by expression and activity of the ecto-nucleotidase, which also are modulated following ischemia and excessive neuronal activities (18, 19) . Because most of the ecto-nucleotidase are expressed in glial cells, the effects of drugs on these systems need to be analyzed in native brain tissues where the spatial configuration of neurons and glial cells is conserved, such as in slices or in vivo preparations (43, 44) . The recently found novel heteromeric receptor formed by P1 and P2 receptor proteins, which is activated by both ATP and adenosine (45) , might be also a member of such regulatory systems downstream to ATP. It is highly expected that this tripartite regulation system formed by ATP receptors, adenosine receptors, and ecto-nucleotidase in the CNS would be an important target of therapeutics for the neurogenic disorders under purinergic influences.
